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An  analytical  model  describing  the  absorption  behavior  of  HgCdTe  is  developed  that  simultaneously 
considers  the  contributions  from  nonparabolic  conduction  and  light  hole  bands  as  calculated  by  a 
14 X  14  matrix  k-p  method  as  well  as  the  Urbach  tail.  This  model  is  capable  of  smoothly  fitting 
experimental  absorption  coefficient  curves  over  energies  ranging  from  the  Urbach  tail  region  to  the 
intrinsic  absorption  region  up  to  300  meV  above  the  band  gap.  Comparisons  to  the  experimental 
results  give  good  agreement.  ©  2006  American  Institute  of  Physics.  [DOI:  10.1063/1.2245220] 


The  HgCdTe  absorption  coefficient  as  a  function  of  ab¬ 
sorbed  photon  energy  in  the  vicinity  of  the  optical  energy 
gap  Eq  has  two  major  regions:  (1)  below  E0  it  follows  Ur¬ 
bach’s  rule,  describing  transitions  between  localized  band- 
tail  states,  and  (2)  above  E0  to  approximately  300  meV  over 
E0  (hence  far  below  the  next  critical  point  in  the  absorption 
structure),  called  the  intrinsic  or  Kane  region,  describing 
transitions  between  extended  valence  and  conduction  band 
states.  Modern  HgCdTe  detectors  with  advanced  architec¬ 
tures  usually  employ  devices  with  thin  absorber  layers,  so 
the  cutoff  wavelength  is  determined  by  photons  with  high 
absorption  coefficients  (up  to  104  cm-1),  a  region  where  pre- 
vious  models  using  parabolic  approximations  have  shown 
significant  deviations  from  experimental  data. 

HgCdTe  samples  were  grown  on  CdZnTe  substrates  in  a 
Riber  32P  molecular  beam  epitaxy  system.  The  high  material 
quality,  high  composition,  and  thickness  uniformity  both 
along1  and  perpendicular4  to  the  growth  direction,  and  the 
optically  good  flatness  of  HgCdTe  epilayers  enable  reliable 
measurement  of  the  absorption  coefficient  over  the 

102- 104  cm-1  range,  which  covers  both  the  Urbach  tail  and 
intrinsic  absorption  (up  to  300  meV)  regions.  The  details  of 
the  growth  procedure  are  discussed  elsewhere.5'6  The 
samples  are  n-type  (low  1015  cm-3),  with  visible  surface  de- 
fects  such  as  craters,  ’  voids,  and  microtwins  less  than  mid- 

103- cm-2  in  density  and  threading  dislocation  densities  in  the 
low  105  cm-2  as  revealed  by  etch  pit  density  measurements 
using  Schaake’s  etchant.9  They  are  selected  to  be  represen¬ 
tative  of  standard  n-type  absorber  region  of  typical  photo¬ 
diodes.  Infrared  transmission  measurements  were  performed 
as  described  in  detail  elsewhere.10 

Previous  works2- 10-1 2  have  demonstrated  that  the  absorp¬ 
tion  coefficient  of  HgCdTe  below  optical  energy  gap  E0  can 
be  fitted  by  the  formula  suggested  by  Urbach13  as  follows:14 
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a  =  exp[(/iw  -  Ef)IW\  =  a0  exp (hco/W),  (1) 

where  hco  is  the  absorbed  photon  energy,  a0  is  the  absorption 
coefficient  at  the  energy  of  E0,  and  W  is  the  Urbach  energy. 
The  Urbach  absorption  tail  energy  has  been  discussed  else¬ 
where  in  detail.10  It  may  vary  from  sample  to  sample  and 
also  from  area  to  area  within  the  same  sample,  as  revealed  by 
infrared  microscope  mapping.15 

The  Kane  model16  is  the  most  commonly  used  model  to 
describe  the  band  structure  near  the  T  point  of  narrow  gap 
semiconductors  with  nonparabolic  bands.  The  energy- 
momentum  relationships  of  conduction  band  [Ef(A:)]  Ec  can 
be  written  in  the  hyperbolic  form 

Ec=ys2k1  +  b2-b  +  Eg,  (2) 

where  b  =  Eg/2  and  v=  ±  \  2 /j2/ 3  are  the  slopes  of  the  two 
asymptotes,  k  is  the  electron  crystal  momentum,  Eg  is  the 
energy  band  gap,  P  is  the  momentum  matrix  element  with  a 
value  of  (8.0-8.5)  X  10-8  eV  cm.17’18 

More  precise  k-p  calculations  using  a  14 X  14  matrix19 
give  similar  hyperbolas  describing  the  Ec  or  £ih  dispersions. 
Figures  l(a)-l(c)  show  14X  14  k-p  calculated  results  as  well 
as  fitting  to  Eq.  (2)  for  Hg0  77Cd0  23Te  at  the  temperature  of 
77  K.  s  and  b  act  as  two  parameters  describing  the  shape  of 
both  conduction  and  light  hole  bands  because  these  two 
bands  are  symmetric.  Specifically,  Ec  fits  give  .?  =  8.85  ±0.01 
(X10-8eVcm)  and  b=  1 03 ±2  (meV).  Similar  results  for 
HgCdTe  with  a  similar  composition  at  0  K  were  also  ob¬ 
tained  by  Krishnamurthy  et  al.20  The  asymptotes  can  be  used 
to  approximate  the  Ec  dispersion  relationship  when  E  or  k  is 
large.  On  the  other  hand,  when  k  is  small,  the  lowest  order 
term  of  a  Taylor  series  of  Eq.  (2)  will  give  a  reasonable 
approximation: 


which  describes  a  parabolic  Ec  dispersion  relationship  near 
the  T  point,  as  shown  in  Fig.  1(c).  The  electron  effective 
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FIG.  1 .  (a)  Energy  band  structure  of  Hgo.77Cdo.23Te  near  the  T  point  at  77  K 
calculated  using  a  14 X  14  matrix  k-p  method.  Solid  line:  conduction  band; 
dashed  line:  heavy  hole  band;  dash-dotted  line:  light  hole;  and  dash-dot- 
dotted  line:  split-off  band,  (b)  Open  circles:  calculated  results  from  (a)  for 
the  conduction  band;  solid  line:  fitted  Eq.  (2)  in  text;  dash-dot-dotted  line 
(this  is  visible  only  near  k=0):  high  energy  asymptotes  of  hyperbola;  and 
dashed  line:  fitted  parabola,  which  deviates  substantially  from  the  other 
curves  at  higher  energies,  (c)  Close-up  of  (b)  near  the  bottom  of  the  con¬ 
duction  band.  Solid  line:  fitted  using  a  hyperbola,  which  shows  reasonably 
good  agreement  even  at  the  bottom  of  the  conduction  band;  and  dashed  line: 
fitted  using  a  parabola,  which  shows  good  agreement  only  very  near  the 
band  gap.  The  dash-dot-dotted  lines  are  asymptotes  of  the  hyperbola. 


FIG.  2.  Open  squares:  experimentally  measured  absorption  coefficient  of  a 
Hgo.79Cdo.21Te  sample  at  80  K;  thin  solid  line:  fitted  Eq.  (9)  by  assuming 
hyperbolic  bands;  dotted  line:  fitted  Urbach  tail  [Eqs.  (1)  and  (13)  in  text] 
dashed  line:  fitted  assuming  parabolic  bands;  and  thick  solid  line:  fitted 
using  Eq.  (14).  The  insert  is  a  close-up  of  the  main  figure  and  shows  that  Eq. 
(14)  remains  smooth  at  E0. 


mation  to  set  e  =  ec.  Then  Eq.  (6a)  can  be  rewritten  as 


«hh  = 


tt2s3(e  +  E  ) 


(e  +  b)  \(e  +  bY  -  bz . 


(7) 


Because  the  conduction  and  light  hole  bands  are  symmetrical 
in  the  energy  range  of  400  meV  beyond  the  band  gap,  we  get 


mass  is  obtained  from  m*e/m0=h2b/ s2m0,  m0  is  the  free  elec¬ 
tron  mass. 

Noting  that  the  optical  matrix  elements  vary  slowly  with 
k  and  restricting  our  attention  to  energies  near  the  band  gap 
(-20  meV h(o—Eg =£ 400  meV),  we  discuss  the  absorption 
behavior  assuming  that  the  optical  matrix  elements  can  be 
treated  as  constant.  The  absorption  coefficient  is 


«ih: 


irs3(e  +  Ee) 


-(E  +  2b)\l(s  +  2b)2-(2b)2 

8 


(8) 


Therefore  the  total  absorption  coefficient  above  E0  as  a  func¬ 
tion  of  absorbed  photon  energy  hu>  is 


(hu>  -  Eg  +  b)  \l(h(o  -  Eg  +  b)2  -  b2 


B 

a=ahh+  a,h  =  — 
nu> 


A_ 

hu> 


■  pcv(k) , 


(4) 


+  —  (fia> 

8 


Eg  +  2b)  ~  Eg  +  2b )2  -  ( 2b y 


(9) 


here  A  is  a  constant,  and  pcv  is  the  joint  density  of  states, 
which  can  be  rewritten  as 


PcvW  -  2 

TT 


dEj 

dK 


Ec(K)-EM=fio> 


(5) 


where  Kj  are  the  values  of  one  dimension  electron  crystal 
momentum  that  fit  the  conditions  E,{ Kj)  -  Ef( Kj)  =  h  or.  j  rep¬ 
resents  the  light  or  heavy  hole  bands.  Therefore,  the  total 
absorption  coefficient  a,  which  is  the  sum  of  absorption  co¬ 
efficients  involving  light  hole  (ay  and  heavy  hole  (ahh) 
bands,  can  be  given  as  a  function  of  ha>  or  s=hu>-Eg: 

A 

ahh  —  2 1  i  \  '  K-c-] 

TT(e  +  Eg) 


Js2K2+b2 


'hh 


(6a) 


Kc.  bj,  as  a  function  of  e  can  be  obtained  by  solving  the  fol¬ 
lowing  equation: 


Note  that  B=Att~2s~3  is  a  constant. 

Equation  (9)  was  used  to  fit  the  experimentally  measured 
absorption  coefficient  for  a  Hg079Cd0  2iTe  sample  at  80  K; 
the  results  are  shown  in  Fig.  2.  When  the  photon  energy  is 
much  larger  than  the  absorption  edge,  Eq.  (9)  can  be  rewrit¬ 
ten  as 

C{tia>  —  Ee  +  D)2  +  F 

a= - f - .  (10) 

nco 

where  C=9A/8s3tt,  D={l0/9)b,  and  F={A/9s3Tr)b2.  Note 
that  the  product  of  the  absorption  coefficient  and  the  energy 
(. afuo )  goes  as  the  square  of  the  energy  when  the  energy  is 
greater  than  Eg  by  hundreds  of  meV.  Equation  (10)  can  also 
be  obtained  if  one  substitutes  the  Ec{k)  and  Elh(k)  relations 
by  the  asymptote  of  Eq.  (2). 

Within  about  20  meV  of  the  energy  gap,  e  =  ha>-Eg<ib. 
Equation  (10)  can  then  be  rewritten  as 


e  =  ^s2K2hh  +  bz-b  + 


2m 


-K 


ohh* 


(6b) 


hh 


Ab 


3/2 


Trs3(hw ) 


V2  +  - 

2 


\lha>  -  E„ 


(ID 


^2k2c- hh+b2~b  and  ehh=(ft2/2™hh)^-hh;  then 


In  fact,  when  e  or  k  is  small,  Eq.  (2)  can  be  used  as  an 
approximation  of  Ec{k)  and  Elh(k),  and  Eq.  (11)  can  be  de¬ 
rived  as  well.  An  example  is  shown  in  Fig.  2.  An  empirical 

the  electron  and  hole  effective  masses,  it  is  a  good  approxi-  formula  with  a  similar  form  has  been  suggested  by  Scha- 
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Let 

+  ehh=e  and  ec  and  8hh  correspond  to  the  same  electron  crys¬ 
tal  momentum  K2_hh.  Because  of  the  big  difference  between 
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cham  and  FinkmaiT  from  absorption  very  near  the  band  gap 
in  samples  with  thicknesses  of  25-300  /xm.2 

Equations  (9)— ( 11)  give  a  clear  picture  of  the  changing 
tendency  of  a-fiu>  with  hu>,  which  can  be  combined  into  the 
formula  a-hco^e^,  where /(e)  is  a  function  of  e  taking  the 
values  of  0.5-2.  /(e)  =  0.5  when  e  is  very  small.  With  in¬ 
creasing  e,  /(e)  gradually  increases.  When  e  is  very  large, 
/(e)  takes  the  value  of  2.  Therefore,  depending  on  the  range 
of  energy  above  the  band  gap,  an  empirical  formula  of 
a  ■  fi  a)  'x  e y  (0.5  =£  ys;  2)  can  be  used  to  describe  the  energy 
dependence  of  the  absorption  coefficient  near  the  band  gap, 
where  y=(l/n)S,/(e;),  i.e.,  an  average  over  n  energy  points 
taken  into  account  during  the  fitting  calculations  above  Eg. 
Such  a  result  can  also  be  derived  from  Eq.  (5)  through  as¬ 
suming  dispersion  relationships  Ec(k)=k3,''l+y'+Eg  and 
E\h{k)  =  -k3,(l+'yK  As  shown  in  Fig.  1(c),  such  assumptions  are 
reasonably  correct  as  long  as  1  ^3/(1  + 7)  ^2,  correspond¬ 
ing  to  0.5  =£7^  2,  being  exactly  the  same  range  as  in  our 
previous  discussions.  Moazzami  et  al.22  have  empirically  de¬ 
termined  a  -y  value  of  about  0.7  for  a  Hg0  ggCdgjiTe  sample 
in  the  energy  range  of  about  100  meV.  Chu  and 
co-works  ’  found  that  a  logarithmic  approximation  works 
best  in  the  energy  range  of  100  meV  above  the  energy  gap. 

The  absorption  coefficient  below  the  energy  gap  is  ex¬ 
pected  to  follow  the  Urbach  rule.  As  a  semiempirical  ap¬ 
proach  to  guarantee  a  smooth  connection,  we  require 


^u\H(i]=Eq 


d(au) 

d{hu>) 


h(o=EQ 


d(a,) 


d{fiu>) 


Aoj-Eq 


(12) 


Then  we  obtain  from  Eq.  (12)  the  condition 


(13) 


Recall  Eq  is  the  point  where  the  absorption  coefficient  tran¬ 
sitions  from  Urbach’s  rule  to  the  intrinsic  band-to-band  be¬ 
havior.  Eq  was  defined  as  the  optical  energy  band  gap  of 
HgCdTe  by  Chu  et  al.24  The  first  derivative  of  the  absorption 
coefficient  peaks  at  Eq}1 Similar  suggestions  were  made 
by  Ariel  et  al.26'21 

The  combination  of  Eqs.  (1),  (9),  and  (13)  gives  the 
absorption  coefficients  near  the  band  gap  Eg  as 

[bWFT* 

^+2b)^+2b)2-m\ 

(hu\  /  W\ 

■  exp  —  nco  =£  E„  +  —  , 

P\W/  \  8  2) 

(hcj  -  Eg  +  b)  \i(hcii  -  Eg  +  b)2  -  b2  +  —{fia> 

8 


-  Eg  +  2b) \(hw  -  Eg  +  2b)2  -  {2b)2 


a(ha>)  = 


B 


E„  +  Wl  2 


~  Eg 


(14) 


Here  Eg  is  the  band  gap  of  HgCdTe  and  W  is  the  Urbach  tail 
energy  in  the  same  unit  of  Eg,  and  the  parameters  of  b  and  B 
as  functions  of  temperature  and  Cd  composition  in  HgCdTe 
can  be  determined  by  fitting  experimental  data.  This  formula 
is  plotted  in  Fig.  2  for  an  x=0.21  Hg|_tCdtTe  sample  at 
77  K  and  gives  good  agreement  with  experimental  data  both 
below  and  above  Eq. 

In  conclusion,  an  analytical  model  describing  the  absorp¬ 
tion  behavior  of  long  wavelength  infrared  HgCdTe  as  a  func¬ 
tion  of  absorbed  photon  energy  was  established  based  on  k-p 
band  structure  calculations.  The  model  is  capable  of  describ¬ 
ing  both  the  Urbach  tail  region  and  intrinsic  region  up  to 
hundreds  of  meV  above  the  band  gap.  The  intrinsic  band-to- 
band  absorption  coefficient  is  proportional  to  {h(o-Eq)y  with 
7  increasing  from  0.5  and  2  with  increasing  photon  energy,  a 
consequence  of  the  nonparabolic  conduction  and  light  hole 
band  dispersion  relationships.  Good  agreement  was  found 
between  the  experimental  and  theoretical  results. 
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